Introduction {#Sec1}
============
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$) is an important observable serving as an experimental proxy for the transverse momentum carried by undetected particles produced in proton--proton ($\documentclass[12pt]{minimal}
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                \begin{document}$$ pp $$\end{document}$) collisions measured with the ATLAS detector \[[@CR1]\] at the Large Hadron Collider (LHC). It is reconstructed from the signals of detected particles in the final state. A value incompatible with zero may indicate not only the production of Standard Model (SM) neutrinos but also the production of new particles suggested in models for physics beyond the SM that escape the ATLAS detector without being detected. The reconstruction of $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ is challenging because it involves all detector subsystems and requires the most complete and unambiguous representation of the hard interaction of interest by calorimeter and tracking signals. This representation is obscured by limitations introduced by the detector acceptance and by signals and signal remnants from additional $\documentclass[12pt]{minimal}
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                \begin{document}$$ pp $$\end{document}$ interactions occurring in the same, previous and subsequent LHC bunch crossings (pile-up) relative to the triggered hard-scattering. ATLAS has developed successful strategies for a high-quality $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ reconstruction focussing on the minimisation of effects introduced by pile-up for the data recorded between 2010 and 2012 (LHC $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {Run}\,1$$\end{document}$) \[[@CR2], [@CR3]\]. These approaches are the basis for the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ reconstruction developed for the data collected in 2015 (LHC $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {Run}\,2$$\end{document}$) that is described in this paper, together with results from performance evaluations and the determination of systematic uncertainties.

This paper is organised as follows. The subsystems forming the ATLAS detector are described in Sect. [2](#Sec2){ref-type="sec"}. The $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ reconstruction is discussed in Sect. [3](#Sec3){ref-type="sec"}. The extraction of the data samples and the generation of the Monte Carlo (MC) simulation samples are presented in Sect. [4](#Sec16){ref-type="sec"}. The event selection is outlined in Sect. [5](#Sec20){ref-type="sec"}, followed by results for $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ performance in Sect. [6](#Sec24){ref-type="sec"}. Section [7](#Sec33){ref-type="sec"} comprises a discussion of methods used to determine systematic uncertainties associated with the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ measurement, and the presentation of the corresponding results. Section [8](#Sec38){ref-type="sec"} describes variations of the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ reconstruction using calorimeter signals for the soft hadronic event activity, or reconstructed charged-particle tracks only. The paper concludes with a summary and outlook in Sect. [9](#Sec45){ref-type="sec"}. The nomenclature and conventions used by ATLAS for $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$-related variables and descriptors can be found in Appendix [A](#Sec46){ref-type="sec"}, while the composition of $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ reconstruction variants is presented in Appendix [B](#Sec47){ref-type="sec"}. An evaluation of the effect of alternative jet selections on the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ reconstruction performance is given in Appendix [C](#Sec48){ref-type="sec"}.

ATLAS detector {#Sec2}
==============

The ATLAS experiment at the LHC features a multi-purpose particle detector with a forward--backward symmetric cylindrical geometry and a nearly full ($\documentclass[12pt]{minimal}
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                \begin{document}$$4\pi $$\end{document}$) coverage in solid angle.[1](#Fn1){ref-type="fn"} It consists of an inner detector (ID) tracking system in a $\documentclass[12pt]{minimal}
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                \begin{document}$$2\,\text {T}$$\end{document}$ axial magnetic field provided by a superconducting solenoid. The solenoid is surrounded by electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). The ID covers the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.5$$\end{document}$, and consists of a silicon pixel detector, a silicon microstrip detector and a transition radiation tracker for $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.0$$\end{document}$. During the LHC shutdown between $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {Run}\,1$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {Run}\,2$$\end{document}$, a new tracking layer, known as the insertable B-layer \[[@CR4]\], was added between the previous innermost pixel layer and a new, narrower beam pipe.

The high-granularity lead/liquid-argon (LAr) sampling electromagnetic calorimeter covers the region $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 1.37$$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$1.5< |\eta | < 1.8$$\end{document}$ are instrumented with presamplers in front of the LAr calorimeter in the same cryostat. A steel/scintillator-tile calorimeter (Tile) provides hadronic coverage in the central pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 1.7$$\end{document}$. LAr technology is also used for the hadronic calorimeters in the endcap region $\documentclass[12pt]{minimal}
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                \begin{document}$$1.5< |\eta | < 3.2$$\end{document}$ and for electromagnetic and hadronic energy measurements in the forward calorimeters covering $\documentclass[12pt]{minimal}
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                \begin{document}$$3.2< |\eta | < 4.9$$\end{document}$.

The MS surrounds the calorimeters. It consists of three large superconducting air-core toroidal magnets, precision tracking chambers providing precise muon tracking out to $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | = 2.7$$\end{document}$, and fast detectors for triggering in the region $\documentclass[12pt]{minimal}
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A two-level trigger system is used to select events \[[@CR5]\]. A low-level hardware trigger reduces the data rate, and a high-level software trigger selects events with interesting final states. More details of the ATLAS detector can be found in Ref. \[[@CR1]\].
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ reconstruction {#Sec3}
================================================================================================
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ in ATLAS is characterised by two contributions. The first one is from the *hard-event* signals comprising fully reconstructed and calibrated particles and jets (hard objects). The reconstructed particles are electrons, photons, $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau \text {-leptons}$$\end{document}$, and muons. While muons are reconstructed from ID and MS tracks, electrons and $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau \text {-leptons}$$\end{document}$ are identified combining calorimeter signals with tracking information. Photons and jets are principally reconstructed from calorimeter signals, with possible signal refinements from reconstructed tracks. The second contribution to $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ is from the *soft-event* signals consisting of reconstructed charged-particle tracks (soft signals) associated with the hard-scatter vertex defined in Appendix [A](#Sec46){ref-type="sec"} but not with the hard objects.

ATLAS carries out a dedicated reconstruction procedure for each kind of particle as well as for jets, casting a particle or jet hypothesis on the origin of (a group of) detector signals. These procedures are independent of one another. This means that e.g. the same calorimeter signal used to reconstruct an electron is likely also used to reconstruct a jet, thus potentially introducing double counting of the same signal when reconstructing $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$. This issue is addressed by the explicit *signal ambiguity resolution* in the object-based $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ reconstruction originally introduced in Refs. \[[@CR2], [@CR3]\], and by its 2015 implementation described in Sects. [3.1](#Sec4){ref-type="sec"} and [3.2](#Sec5){ref-type="sec"}.

Additional options for the set of signals used to reconstruct $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ are available and discussed in detail in Sect. [8](#Sec38){ref-type="sec"}. One of these alternative options is the calorimeter-based $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ reconstruction discussed in Sect. [8.1](#Sec39){ref-type="sec"}, which uses a soft event built from clusters of topologically connected calorimeter cells (topo-clusters) \[[@CR6]\]. Another option is the track-based missing transverse momentum, which differs from $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ only in the use of tracks in place of jets. It is described in more detail in Sect. [8.2](#Sec40){ref-type="sec"}.
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ basics {#Sec4}
----------------------------------------------------------------------------------------

The missing transverse momentum reconstruction provides a set of observables constructed from the components $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{x(y)}$$\end{document}$ of the transverse momentum vectors ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathbf p _{\mathrm{T}}$$\end{document}$) of the various contributions. The missing transverse momentum components $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{x(y)}^{{\text {miss}}}$$\end{document}$ serve as the basic input for most of these observables. They are given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} E_{x(y)}^{{\text {miss}}} = - \sum _{i\in \{\text {hard objects}\}} p_{x(y),i} - \sum _{j\in \{\text {soft signals}\}} p_{x(y),j} . \end{aligned}$$\end{document}$$The set of observables constructed from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{x(y)}^{{\text {miss}}}$$\end{document}$ is$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathbf E _{\mathrm{T}}^{{\text {miss}}}= & {} (E_{x}^{{\text {miss}}},E_{y}^{{\text {miss}}}), \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} E_{\mathrm{T}}^{\mathrm{miss}}= & {} |\mathbf E _{\mathrm{T}}^{{\text {miss}}} | = \sqrt{(E_{x}^{{\text {miss}}})^{2}+(E_{y}^{{\text {miss}}})^{2}}, \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \phi ^{{\text {miss}}}= & {} \tan ^{-1}(E_{y}^{{\text {miss}}}/E_{x}^{{\text {miss}}}). \end{aligned}$$\end{document}$$The vector $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathbf E _{\mathrm{T}}^{{\text {miss}}}$$\end{document}$ provides the amount of the missing transverse momentum via its magnitude $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$, and its direction in the transverse plane in terms of the azimuthal angle $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ is non-negative by definition. However, in an experimental environment where not all relevant $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}$$\end{document}$ from the hard-scatter interaction can be reconstructed and used in Eq. ([1](#Equ1){ref-type=""}), and the reconstructed $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ is introduced even for final states without genuine missing transverse momentum generated by undetectable particles.

The scalar sum of all transverse momenta ($\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ reconstruction is given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \Sigma E_{\mathrm{T}} = \sum _{i\in \{\text {hard objects}\}} p_{\mathrm{T},i} + \sum _{j\in \{\text {soft signals}\}} p_{\mathrm{T},j}. \end{aligned}$$\end{document}$$In the context of $\documentclass[12pt]{minimal}
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                \begin{document}$$\Sigma E_{\mathrm{T}}$$\end{document}$ is calculated in addition to the sum given in Eq. ([1](#Equ1){ref-type=""}), and the derived quantities defining $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ given in Eqs. ([2](#Equ2){ref-type=""})--([4](#Equ4){ref-type=""}). It provides a useful overall scale for evaluating the hardness of the hard-scatter event in the transverse plane, and thus provides a measure for the event activity in physics analyses and $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma $$\end{document}$), then hadronically decaying $\documentclass[12pt]{minimal}
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Object selection {#Sec6}
----------------
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### Muon selection {#Sec10}
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### Jet selection {#Sec11}

Jets are reconstructed from clusters of topologically connected calorimeter cells (topo-clusters), described in Ref. \[[@CR6]\]. The topo-clusters are calibrated at the electromagnetic (EM) energy scale.[3](#Fn3){ref-type="fn"} The anti-$\documentclass[12pt]{minimal}
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Jets not rejected at that stage are further filtered using a tagging algorithm to select hard-scatter jets ("jet vertex tagging") \[[@CR16]\]. This algorithm provides the jet vertex tagger variable JVT, ranging from 0 (pile-up-like) to 1 (hard-scatter-like), for each jet with matched tracks.[4](#Fn4){ref-type="fn"} The matching of tracks with jets is done by *ghost association*, where tracks are clustered as *ghost particles* into the jet, as described in Ref. \[[@CR3]\] and based on the approach outlined in Ref. \[[@CR17]\].

The overlap resolution can result in a partial overlap of the jet with an electron or photon, in terms of the fraction of common signals contributing to the respective reconstructed energy. This is measured by the ratio $\documentclass[12pt]{minimal}
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Jets not rejected by the signal ambiguity resolution and with $\documentclass[12pt]{minimal}
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### Muon overlap with jets {#Sec12}

Jets overlapping with a reconstructed muon affect the $\documentclass[12pt]{minimal}
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In all cases, the muon--jet overlap is determined by ghost-associating the muon with the jet. For this, each muon enters the jet clustering as ghost particle with infinitesimal small momentum, together with the EM-scale topo-clusters from the calorimeter. If a given ghost particle becomes part of a jet, the corresponding muon is considered overlapping with this jet. This procedure is very similar to the track associations with jets mentioned in Sect. [3.3.5](#Sec11){ref-type="sec"}.

Tagging jets using JVT efficiently retains those from the hard-scatter vertex for $\documentclass[12pt]{minimal}
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A jet that is reconstructed from a catastrophic energy loss of a muon tends to be tagged as a hard-scatter jet as well. This jet is reconstructed from topo-clusters in close proximity to the extrapolated trajectory of the ID track associated with the muon bend in the axial magnetic field. Inclusion of such a jet into $\documentclass[12pt]{minimal}
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Another consideration for muon contributions to $\documentclass[12pt]{minimal}
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-------------------------------------------------------------------------------------------

The soft term introduced in Sect. [3.2](#Sec5){ref-type="sec"} is exclusively reconstructed from ID tracks from the hard-scatter vertex, thus only using the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ scale and resolution, in particular in final states with a low hard-object multiplicity. In this case it is indicative of (hadronic) recoil, comprising the event components not otherwise represented by reconstructed and calibrated particles or jets.

The more inclusive reconstruction of the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{{\text {miss}},{\text {soft}},\text {calo}}$$\end{document}$ reconstruction are discussed in Sect. [8.1](#Sec39){ref-type="sec"}.

### Track and vertex selection {#Sec14}

Hits in the ID are used to reconstruct tracks pointing to a particular collision vertex \[[@CR18]\]. Both the tracks and vertices need to pass basic quality requirements to be accepted. Each event typically has a number $\documentclass[12pt]{minimal}
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                \begin{document}$$|z_{0}\sin (\theta )| < 1.5\,{\text {mm}} $$\end{document}$) relative to the vertex candidate. These tracks must also pass requirements on the number of hits in the ID. The hard-scatter vertex is identified as described in Appendix [A](#Sec46){ref-type="sec"}.

### Track soft term {#Sec15}

The track sample contributing to $\documentclass[12pt]{minimal}
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Since only reconstructed tracks associated with the hard-scatter vertex are used, the track-based $\documentclass[12pt]{minimal}
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Data and simulation samples {#Sec16}
===========================
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Data samples {#Sec17}
------------

The data sample used corresponds to a total integrated luminosity of $\documentclass[12pt]{minimal}
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                \begin{document}$$25\,{\text {ns}}$$\end{document}$. Only high-quality data with a well-functioning calorimeter, inner detector and muon spectrometer are analysed. The data-quality criteria are applied, which reduce the impact of instrumental noise and out-of-time calorimeter deposits from cosmic-ray and beam backgrounds.

Monte Carlo samples {#Sec18}
-------------------
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                \begin{document}$$W \rightarrow \ell \nu $$\end{document}$ samples were generated using [Powheg-Box]{.smallcaps}  \[[@CR20]\] (version v1r2856) employing a matrix element calculation at next-to-leading order (NLO) in perturbative QCD. To generate the particle final state, the (parton-level) matrix element output was interfaced to [Pythia8]{.smallcaps}  \[[@CR21]\],[5](#Fn5){ref-type="fn"} which generated the parton shower (PS) and the underlying event (UE) using the AZNLO tuned parameter set \[[@CR22]\]. Parton distribution functions (PDFs) were taken from the CTEQ6L1 PDF set \[[@CR23]\].
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                \begin{document}$$t\bar{t}$$\end{document}$-production sample was generated with a [Powheg]{.smallcaps} NLO kernel (version v2r3026) interfaced to [Pythia6]{.smallcaps}  \[[@CR24]\] (version 6.428) with the Perugia2012 set of tuned parameters \[[@CR25]\] for the PS and UE generation. The CT10 NLO PDF set \[[@CR26]\] was employed. The resummation of soft-gluon terms in the next-to-next-to-leading-logarithmic (NNLL) approximation with [top++]{.smallcaps}  2.0  \[[@CR27]\] was included.
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                \begin{document}$$W \rightarrow \ell \nu $$\end{document}$ final state samples are the production of dibosons, single top quarks, and multijets. Dibosons were generated using [Sherpa]{.smallcaps} \[[@CR28]--[@CR31]\] version v2.1.1 employing the CT10 PDF set. Single top quarks were generated using [Powheg]{.smallcaps} version v1r2556 with the CT10 PDF set for the *t*-channel production and [Powheg]{.smallcaps} version v1r2819 for the *s*-channel and the associated top quark ($\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ production. Multijet events were generated using [Pythia8]{.smallcaps} with the [NNPDF23LO]{.smallcaps} PDF set \[[@CR32]\] and the A14 set of tuned PS and UE parameters described in Ref. \[[@CR33]\].

Minimum bias (MB) events were generated using [Pythia8]{.smallcaps} with the MSTW2008LO PDF set \[[@CR34]\] and the A2 tuned parameter set \[[@CR35]\] for PS and UE. These MB events were used to model pile-up, as discussed in Sect. [4.3](#Sec19){ref-type="sec"}.

For the determination of the systematic uncertainties in $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \rightarrow \mu \mu $$\end{document}$ events was generated using the [MadGraph_aMC\@NLO]{.smallcaps} (version v2.2.2) matrix element generator \[[@CR36]\] employing the CTEQ6L1 PDF set. Both PS and UE were generated using [Pythia8]{.smallcaps} with the [NNPDF23LO]{.smallcaps} PDF set and the A14 set of tuned parameters.

The MC-generated events were processed with the [Geant4]{.smallcaps} software toolkit \[[@CR37]\], which simulates the propagation of the generated stable particles[6](#Fn6){ref-type="fn"} through the ATLAS detector and their interactions with the detector material \[[@CR38]\].

Pile-up {#Sec19}
-------

The calorimeter signals are affected by pile-up and the short bunch-crossing period at the LHC. In 2015, an average of about 13 pile-up collisions per bunch crossing was observed. The dominant contribution of the additional $\documentclass[12pt]{minimal}
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                \begin{document}$$ pp $$\end{document}$ collisions to the detector signals of the recorded event arises from a diffuse emission of soft particles superimposed to the hard-scatter interaction final state (in-time pile-up). In addition, the LAr calorimeter signals are sensitive to signal remnants from up to 24 previous bunch crossings and one following bunch crossing (out-of-time pile-up), as discussed in Refs. \[[@CR6], [@CR39]\]. Both types of pile-up affect signals contributing to $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$.

The in-time pile-up activity is measured by the number of reconstructed primary collision vertices $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$, measured as an average over time periods of up to two minutes by integrated signals from the luminosity detectors in ATLAS \[[@CR40]\].

To model in-time pile-up in MC simulations, a number of generated pile-up collisions was drawn from a Poisson distribution around the value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ recorded in data. The collisions were randomly collected from the MB sample discussed in Sect. [4.2](#Sec18){ref-type="sec"}. The particles emerging from them were overlaid onto the particle-level final state of the generated hard-scatter interaction and converted into detector signals before event reconstruction. The event reconstruction then proceeds as for data.

Similar to the LHC proton-beam structure, events in MC simulations are organised in bunch trains, where the structure in terms of bunch-crossing interval and gaps between trains is taken into account to model the effects of out-of-time pile-up. The fully reconstructed events in MC simulation samples are finally weighted such that the distribution of the number of overlaid collisions over the whole sample corresponds to the $\documentclass[12pt]{minimal}
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The effect of pile-up on the signal in the Tile calorimeter is reduced due to its location behind the electromagnetic calorimeter and its fast time response \[[@CR41]\]. Reconstructed ID and MS tracks are largely unaffected by pile-up.

Event selection {#Sec20}
===============
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-----------------------------------------------------------------------------------------
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                \begin{document}$$Z$$\end{document}$ kinematics can be measured with high precision, even in the presence of pile-up. Neutrinos are produced only through very rare heavy-flavour decays in the hadronic recoil. This channel can therefore be considered to have no genuine missing transverse momentum. Thus, the scale and resolution for the reconstructed $\documentclass[12pt]{minimal}
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Events must pass one of three high-level muon triggers with different $\documentclass[12pt]{minimal}
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--------------------------------------------------------------------------------------
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Unlike for fully reconstructed and calibrated particles and jets, and in the case of the precise reconstruction of charged particle kinematics provided by ID tracks, $\documentclass[12pt]{minimal}
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As the reconstructed final state can be produced by different physics processes, the individual process contributions in MC simulations are scaled according to the cross section of the process. This approach is taken to both show the contribution of a given process to the overall distribution, and to identify possible inadequate modelling arising from any individual process, or a subset of processes, by its effect on the overall shape of the MC distribution.
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Missing transverse momentum and its related observables presented in Sect. [3.1](#Sec4){ref-type="sec"} are reconstructed for the performance evaluations shown in the following sections using a standard reconstruction configuration. This configuration implements the signal ambiguity resolution in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm{T}}^{\mathrm{miss}}$$\end{document}$ reconstruction sequence discussed in Sect. [3.1](#Sec4){ref-type="sec"}. It employs the hard-object selections defined in Sects. [3.3.1](#Sec7){ref-type="sec"}--[3.3.4](#Sec10){ref-type="sec"}, with jets selected according to the prescriptions given in Sect. [3.3.5](#Sec11){ref-type="sec"}. The overlap resolution strategy for jets and muons described in Sect. [3.3.6](#Sec12){ref-type="sec"} is applied. The soft term is formed from ID tracks according to Sect. [3.4](#Sec13){ref-type="sec"}.
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                \begin{document}$$Z \rightarrow \mu \mu $$\end{document}$ events extracted from data and compared to MC simulations including all relevant backgrounds. The shaded areas indicate the total uncertainty for MC simulations, including the overall statistical uncertainty combined with systematic uncertainties from the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm{T}}$$\end{document}$ scale and resolution which are contributed by muons, jets, and the soft term. The last bin of each distribution includes the overflow, and the first bin contains the underflow in **c** and **d**. The respective ratios between data and MC simulations are shown below the distributions, with the shaded areas showing the total uncertainties for MC simulations Fig. 2Distributions of **a** the jet term $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm{T}}^{{\text {miss}},\text {jet}}$$\end{document}$, **b** the muon term $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm{T}}^{{\text {miss}},\mu }$$\end{document}$, and **c** the soft term $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm{T}}^{{\text {miss}},{\text {soft}}}$$\end{document}$ for the inclusive samples of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow \mu \mu $$\end{document}$ events in data, compared to MC simulations including all relevant backgrounds. The shaded areas indicate the total uncertainty from MC simulations, including the overall statistical uncertainty combined with the respective systematic uncertainties from **a** the jet, **b** the muon, and **c** the soft term. The last bin of each distribution includes the overflow entries. The respective ratios between data and MC simulations are shown below the distributions, with the shaded areas showing the corresponding total uncertainties from MC simulations

The quality of the MC modelling of $\documentclass[12pt]{minimal}
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                \begin{document}$$N_{\mathrm{jet}} = 0$$\end{document}$ selection. The shaded areas indicate the total uncertainty for MC simulations, including the overall statistical uncertainty combined with systematic uncertainties comprising contributions from the electron, jet, and the soft term. The last bins contain the respective overflows. The respective ratios between data and MC simulations are shown below the distributions, with the shaded areas indicating the total uncertainties for MC simulations
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Systematic uncertainties {#Sec33}
========================

The systematic uncertainties associated with the measurement of $\documentclass[12pt]{minimal}
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Methodology {#Sec34}
-----------
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### Observables {#Sec35}
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### Procedures {#Sec36}

The extraction of the systematic uncertainties introduced into the $\documentclass[12pt]{minimal}
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In order to generate the required number of simulated events, some analyses in ATLAS may have to use the fast detector simulation [ATLFAST2]{.smallcaps} \[[@CR38], [@CR45]\] for the calorimeter response. It employs parameterisations for electromagnetic and hadronic showers, instead of the explicit simulation of the particle tracking through matter and the energy-loss mechanisms in a detailed detector geometry. An additional uncertainty is assigned to effects introduced by [ATLFAST2]{.smallcaps}. This uncertainty contribution only needs to be considered in analyses using this fast simulation, and does not apply for the results presented in this paper. In analyses where it is applicable, it is added in quadrature to the standard uncertainties.
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Missing transverse momentum reconstruction variants {#Sec38}
===================================================
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==========
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From the performance studies presented in this paper, the object-based $\documentclass[12pt]{minimal}
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Appendix A: Glossary of terms {#Sec46}
=============================
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Appendix C: Jet selection {#Sec48}
=========================

As discussed in Sect. [3.3.5](#Sec11){ref-type="sec"}, jets that are not rejected by the signal ambiguity resolution and have $\documentclass[12pt]{minimal}
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ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upwards. Cylindrical coordinates $\documentclass[12pt]{minimal}
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In this formula the notion of *selected*, which is only applicable to electrons and muons, means that the choice of reconstructed particles is purely given by a set of criteria similar to those given in Sects. [3.3.1](#Sec7){ref-type="sec"} and [3.3.4](#Sec10){ref-type="sec"}, respectively, with possible modifications imposed by a given analysis. The notion of *accepted* indicates a modification of the set of initially selected objects imposed by the signal ambiguity resolution.

On this scale the energy deposited in the calorimeter by electrons and photons is represented well. The hadron signal at the EM scale is not corrected for the non-compensating signal features of the ATLAS calorimeters.

In the calculation of JVT the total amount of $\documentclass[12pt]{minimal}
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